Design and Planning of Decentralised Production Networks Under High Product Variety Demand  by Mourtzis, D. et al.
 Procedia CIRP  3 ( 2012 )  293 – 298 
2212-8271 © 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor 
D. Mourtzis and Professor G. Chryssolouris. 
doi: 10.1016/j.procir.2012.07.051 
45th CIRP Conference on Manufacturing Systems 2012 
Design and planning of decentralised production networks under high 
product variety demand 
D. Mourtzisa,*, M. Doukasa, F. Psarommatisa 
aLaboratory for Manufacturing Systems & Automation, Department of Mechanical Engineering & Aeronautics, University of Patras, 26500, Greece 
* Corresponding Author: Tel.: +30 2610 997262; fax: +30 2610 997744. E-mail address: mourtzis@lms.mech.upatras.gr  
Abstract 
In today’s era of customer-driven markets, manufacturers throughout the globe realize that the efficient collaboration with their 
supply chain partners is amongst the most crucial factors for improved profits. The necessity to coordinate the activities of the 
independent partners and to align their objectives towards a common goal is evident. This research work, presents a methodology 
for the identification of efficient supply chain schemes in decentralised and centralised manufacturing environments. The 
methodology allows the generation of feasible alternative production and transportation schemes, using exhaustive and intelligent 
search methods. The schemes are evaluated against multiple user-defined criteria such as cost, time, environmental impact and 
quality. The derived alternatives can be used for the planning and coordination of geographically dispersed facilities that carry out 
the production of highly customized products. The approach is implemented to a tool and is applied on a automotive case study. 
 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor D. Mourtzis and 
Professor G. Chryssolouris. 
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1. Introduction and Motivation 
The globalisation trend of the last decades imposes 
new requirements to the Original Equipment 
Manufacturers (OEMs). Shorter life-cycles and time-to-
market, increased outsourcing and distances, and 
increased demand for high variety create complexity in 
production [1][2]. Now more than ever, OEMs need to 
optimise their manufacturing and transportation 
activities in cost-effective, timely and eco-friendly ways 
[3]. The traditional structure of a stand-alone company 
that connects with market and suppliers only by delivery 
and procurement of products is nowadays invalid. 
Towards trying to compete, industries throughout the 
world increased their outsourcing, to achieve reduced 
costs [4]. Efficient cooperation between enterprises is 
utterly important [5]. Centralisation is replaced by 
decentralisation and top-down methods by bottom-up 
synthesis [6]. Also, strict environmental regulations, like 
the obligation to comply with the directives of the Kyoto 
Protocol [7] are additional constraints. The demand for 
goods has increased and so has the demand for natural 
resources and energy [8]. However, since resources and 
energy are finite, new ways of producing more with less 
ought to be found [9]. Decentralisation comes with 
increased number of direct and indirect processes. 
Different locations use electricity generated from various 
combinations of energy sources [10]. Therefore, careful 
supplier selection is a significant factor that can alter the 
raw materials’ embodied energy. In addition, it can 
reduce the required cost and time for the production of 
customised products. Motivated from the above, the aim 
of the presented research work is the identification of 
efficient network configurations characterised by 
reduced cost, time and environmental impact. Real-life 
industrial data have been used for the validation of the 
methodology. 
2. State the Art 
Mass Customisation appeared in the 80’s in response 
to consumer demands for higher product variety [12]. 
OEMs increased the available variants of their standard 
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product offered the customers, who could create unique 
design combinations [13]. The high product variety can 
be cost-effectively achieved through a series of 
alternative product options; mass customisation aims at 
achieving economy of scope achieved at the component 
level through market segmentation. Reconfigurable 
assembly systems are utilised in order to create high 
variety for the economy of scope of the final assembly 
[14]. Enterprises however, have to respect not only their 
own benefits, but also their customers’, cooperating 
partners’ and social / natural environment benefits [15]. 
In addition, the environmental consciousness is 
nowadays raised. Future energy consumption forecasts 
indicate a deceleration of 1.6% at the growth of primary 
energy consumption up to 2030. The previous 20 years 
this indicator decelerated at 2.0% p.a. Moreover, the 
energy consumption per capita grows at 0.7% p.a. The 
transportation and manufacturing sectors lead the growth 
of final energy consumption, especially in rapidly 
developing economies. The 2030 projection indicates 
that the industrial sector will account for 60% of the 
projected growth of energy demand [16]. 
The manufacturing sector is a key driving force of the 
European economy. In 2010 34 million people were 
employed in the EU-27 manufacturing sector, 
representing 15.9% of the total employment [17]. 
Indirectly (with all related sectors and activities) 
manufacturing accounts for close to 50% of the 
European economy. The automotive sector comprises a 
significant part of the EU manufacturing activities. 
Europe is the world’s largest vehicle producer with an 
output of over 15 million passenger cars, vans, trucks 
and buses per year. This comprises the 25% of 
worldwide vehicle production. The automotive industry 
accounts for 2.3 million direct jobs and another 10.4 
million in directly related manufacturing and other 
sectors [18]. Thereby, special focus needs to be given to 
the European automotive industry.  
A survey conducted in the U.K. related to automotive 
products, revealed that 61% of the customers wanted 
their vehicle to be delivered within 14 days [19][20]. 
The automotive industry is an indicative example of 
mass producing systems that is currently trying to cope 
with the mass customisation needs. The manufacturing 
activities in the currently turbulent environment are in 
great part characterised by uncertainty. However, the 
majority of the existing planning approaches consider 
the strategic impact of mass customization without 
addressing to specific implementation issues [22]. In 
order to survive in the current landscape, high 
performance is required in dimensions of cost, quality, 
speed, environmental friendliness, and adaptability to 
demand variations, in order to offer unique products of 
high quality, that are also available at low prices, at the 
right time [23][24]. 
3. Network configuration and product modelling 
The supply chain of the presented pilot case 
comprises 30 partners (OEMs, Suppliers and Dealers), 
coming from a European Automotive manufacturer that 
cooperate in order to carry out customer orders. 
Different actors are capable of different operations at 
varied cost, time, quality and environmental impact. In a 
centralised supply chain, assembly tasks can be 
performed only by the OEM, who delivers the product to 
the dealers so that it can be sold to a customer. In a 
decentralised scenario however, assembly tasks and the 
customisation jobs can be carried out by suppliers or 
even dealers, close to the customer (Fig. 1). The OEMs 
can also directly deliver a product a customer. In some 
cases a supplier can perform the final assembly and 
deliver the product to a nearby customer. This can 
enable, under circumstances, efficient implementation of 
mass customisation as indicated in [25]. 
 
Fig. 1. Models of centralized and decentralized production networks 
The customised product under investigation is a car 
hood that is produced in four variants. Fig. 2 depicts the 
Bill of Processes of the hood. 
 
Fig. 2. Bill of Processes for the fully customised hood 
The car hood comprises 6 components, two of which 
are optional customisation additions that can be selected 
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by the customers. The basic hood components are: the 
external cover, the frame, the hinge support and the lock 
support. The customisation options include an ornament 
and a wrap cast carbon. These components are either 
manufactured at the OEM or they are outsourced to 
Suppliers. The Degrees of Customisation (DoC) that are 
used in the experiments are described below: 
L1: Standard hood that comprises four components 
(external cover, frame, hinge, lock support). 
L2a: Customised variant that comprises the basic hood 
assembly (L1) and the ornament option. 
L2b: Customised variant that comprises the basic hood 
assembly (L1) and the wrap cast carbon option. 
L3: Customised variant comprising the basic hood 
assembly (L1), the ornament and wrap cast carbon. 
L4: L3 with an additional ornament 
4. Design and planning method 
The decision making procedure in the presented case 
study includes resource-task assignment decisions. Each 
task can be assigned to a specific resource, in contrast to 
dispatch rules, which only select the next task to be 
performed. Moreover, the decision-making procedure 
considers multiple criteria simultaneously. The four 
steps of the decision making process can be summed up 
to the following [26]: 
1 Form a set of alternatives 
2 Determine a set of decision-making criteria 
3 Calculate the Utility Value of each alternative with 
respect to the selected criteria, and 
4 Select the Best Alternative. 
4.1. Intelligent search algorithm 
The implemented intelligent algorithm for the 
evaluation and selection of the manufacturing scheme 
alternatives is described in [24][30][31] (Fig. 3). 
 
Fig. 3. Intelligent search algorithm example 
The algorithm uses three adjustable control parameters. 
The Maximum Number of Alternatives (MNA) controls 
the breadth of the search and the Decision Horizon (DH) 
controls the depth. The Sampling Rate (SR) guides the 
search through the solution space. The nodes 
R1,R2,…,R5, represent decision points where a task is 
assigned to a resource. The red highlighted path 
represents an alternative production scheme (Fig. 3). 
4.2. Exhaustive search 
During the exhaustive search method, all the 
alternatives schemes are generated and evaluated. This 
method guarantees that the best alternative is found with 
respect to the selected criteria. However, significant 
computational effort and time are required [25]. 
4.3. Criteria 
The quality of the production and transportation schemes 
is quantified by the means of the following criteria:  
1 Cost (C): The cost is calculated as the sum of the 
production cost and the transportation cost [25]: 
ܥ ൌ σ ܲܿ௞௄௞ୀଵ ൅ σ ܶݎ஼௥ோ௥ୀଵ   (1) 
where: Pck: production cost of task k (kאN/k=1, 2,…K) 
(€), TrCr: transportation cost of root r (rאN/r=1, 2…R) 
(€). 
2 Lead time (L): Lead time is calculated from the 
point that an order is placed to the point that it is 
available for satisfying customer demand [27]: 
ܮ ൌ σ ܲݐ௞௄௞ୀଵ ൅ σ ܶݐ௥ ൅ σ ܵݐ௞௄௞ୀଵோ௥ୀଵ   (2) 
where: Ptk: production time of task k, Ttr: transportation 
time of root r, Stk: setup time of task k. 
3 Energy Consumption (EC): This indicator takes 
into consideration the Watt specifications and processing 
time of each resource [28]: 
ܧܥ ൌ ܧܥ் ൅ ܧܥ௉ ൌ σ ܦ௥ כ ܶܥ ൅ σ ܲݐ௞ כ ܴ ௞ܹ௄௞ୀଵோ௥ୀଵ   (3) 
where: EC: sum of Energy Consumption of the scheme 
(J), ECT: sum of Energy Consumption due to 
transportation (J), Dr: distance of root r (km), TC: 
Energy Consumption per kilometre (J/km) [29], ECP: 
sum of Energy Consumption of processes (J), RWk: the 
resource Watts for task k (J/s). 
4 CO2 Emission (CO): This value is calculated CO2 
emissions for the entire distance travelled [28][29]: 
ܥܧ ൌ σ ீכ஽ೝேோ௥ୀଵ   (4) 
where: G: CO2 emissions per Km [29], N: number of 
products in one truck 
5 Quality (QL): The quality indicator is calculated 
based on the mean quality of the parts and services that a 
supply chain partner provides and on their respect of due 
dates. The quality takes values in the rage of [0-100]. 
ܳܮ ൌ σ ொ௅ೖೖ಼సభ௄   (5) 
Where: QLk: the quality of the supplier for task k. 
4.4. Normalisation of Criteria Values 
The assessment of the manufacturing and transportation 
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alternative requires the consideration of multiple criteria 
that may be conflicting. Thus, in order to compare the 
alternatives, based on the criteria values, a normalisation 
is required. The normalisation is performed for benefit 
criteria (6) (Quality) that should be maximised and for 
cost criteria (7) (Cost, Time, CO2 Emissions, Energy 
Consumption) that should be minimised [30][32].  
ܥመ௜௝ ൌ ஼೔ೕି஼ೕ
೘೔೙
஼ೕ೘ೌೣି஼ೕ೘೔೙
  (6) 
ܥመ௜௝ ൌ ஼ೕ
೘ೌೣି஼೔ೕ
஼ೕ೘ೌೣି஼ೕ೘೔೙
  (7) 
where: ୧୨: the consequence value of alternative i with 
respect to criterion j,෠୧୨ǣthe normalised value of ୧୨. 
The selection of the preferable alternatives is based on 
the utility value (8) of the alternative. The utility is 
calculated using a sum of weighted criteria normalized 
to the sum of one as in [30]: 
௜ܷ ൌ σ ௖ܹ௡௝ୀଵ ܥመ௜௝  (8) 
where: Wc, the criterion’s weight factor. 
5. Software tool implementation 
For testing the functionality and performance of the 
methodology, a prototype software tool has been 
developed in an object-oriented language, in the .NET 
FrameworkTM. A Database Management System 
(DBMS) has been implemented using the Oracle 9i 
Database. The database is used for managing and storing 
the data of the conducted experiments (Fig. 4). The 
workstation used for performing the experiments was 
equipped by an IntelTM i7 3.4GHz processor, with 12GB 
of RAM that run at 1800MHz.  
The interfaces of the software tool comprise a set of 
Graphical User Interfaces (GUIs) that allow the required 
data entry, the selection of the criteria weight factors, 
selection between the exhaustive search and intelligent 
search algorithm functionalities, and definition of the 
search parameters (MNA, DH and SR). If the intelligent 
algorithm is selected, the tool can generate a user-
defined number of alternatives and visualise their 
performance in the form of bar charts (Fig. 4). 
 
Fig. 4. Software tool interfaces and visualisation of results in chart 
form 
6. Automotive industrial case – Results & discussion 
The products, resources and dataset used in the 
presented case study come from a European automotive 
manufacturer. A series of computer simulation runs has 
been performed for the evaluation of the manufacturing 
and transportation schemes. The evaluation was 
performed according to the Degree of Customisation 
(DoC), for the alternative network layouts. In order to 
take equal consideration of all the indicators for the 
selection of the best alternative, the weight factors used 
in the conducted experiments are 0.2 for all the criteria. 
Table 1. Experiments and results for the decentralised network layout 
DoC 
Production 
Cost (€) 
Lead Time 
(min) 
CO2 emissions 
(kg of CO2) 
Energy  
cons. (MJ) 
L1 667.26 14.03 610.80 14,659 
L2a 1357.02 19.74 782.00 18,768 
L2b 1354.62 24.75 1028.0 24,072 
L3 1866.37 28.10 1029.6 24,710 
L4 2185,21 28,93 907.6 21,782 
The total number of alternatives for the different 
network layouts and for all the DoCs is included in 
Table 2. A combinatorial explosion occurs when the 
degree of customisation increases. For the variant L4 the 
alternatives become 13,92x106 from 535x103 of the L3 
case. Therefore, the use of an exhaustive search is 
prohibited, due to the required computation time. The 
intelligent search method is required for a time-efficient 
identification of a good solution. Comparing the required 
time for the L3 experiment, the intelligent search yielded 
results 24,04 times faster than the exhaustive search. For 
the L4 variant, the intelligent method was 596 times 
faster with acceptable deviation in the utility value. 
Based on Fig. 5, the production of the variants L2a and 
L2b require 50.83% and 50.74% more production cost 
respectively compared to the variant L1.  
Table 2: Number of alternatives for all the DoCs and network layouts 
Degree of 
Customisation 
Total Number of Alternatives 
Decentralised Centralised 
L1 792 288 
L2a, L2b 20.592 1.728 
L3 535.392 10.368 
L4 13.920.192 62.208 
 
Fig. 5. Production Cost vs. Degree of Customisation for the 
Decentralised Network Configuration, for the best alternatives 
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The production of the variant L3 requires 64.25% 
more cost compared to the variant L1. Additionally, the 
production of the variant L4 requires 69.45% more cost 
compared to the variant L1. The differences in the values 
are due to the increased number of processes and 
transportation distances required, as the degree of 
customisation rises. Based on Fig. 6, the production of 
the variants L2a and L2b display 28.93% and 43.31% 
respectively more lead time compared to the variant L1. 
The production of the variant L3 requires 50.07% more 
lead time compared to the variant L1. In addition, the 
production of the variant L4 requires 51.5% more lead 
time compared to the variant L1. 
 
Fig. 6. Lead Time vs. Degree of Customisation for the Decentralised 
Network Configuration, for the best alternatives 
Based on Fig. 7, the production of the variants L2a 
and L2b are 21.89% and 40.58% respectively less 
environmentally friendly regarding the CO2 emissions 
compared to the variant L1. The production of the 
variant L3 is 40.68% less environmentally friendly 
regarding the CO2 emissions compared to the variant 
L1. The production of the variant L4 requires 32.7% 
more CO2 emissions compared to the variant L1.  
 
Fig. 7. CO2 Emissions vs. Degree of Customisation for the 
Decentralised Network Configuration, for the best alternatives 
Moreover, in the case of the L4 variant, a decrease in 
the values of CO2 emissions and energy consumption is 
observed. The reason for the reduced indicators is due to 
the fact that the application of the second ornament and 
of the wrap cast carbon is performed at an OEM plant. 
This requires less energy consuming and requires no 
additional transportation. The calculation of the CO2 
emissions is performed considering the emissions due to 
transportation, without including the processing of the 
raw materials. 
Furthermore, based on the bar chart of Fig. 8, the 
production of the variants L2a and L2b require 21.89% 
and 40.58% less energy consumption compared to the 
variant L1. The production of the variant L3 and L4 
require 40.68% and 32.71% less energy consumption 
compared to the variant L1. The calculation of the 
energy consumption derives from the production and 
transportation requirements, and not the energy required 
for the procurement of the raw materials. 
 
Fig. 8. Energy Consumption vs. Degree of Customisation for the 
Decentralised Network Configuration, for the best alternatives 
A comparison of the calculated utility values that 
derived from the exhaustive search and the intelligent 
algorithm for the decentralised network configuration is 
presented. The declining trend line for the maximum 
utility is attributed to the fact that customisation has a 
negative impact to the selected parameters presented 
above. In addition, a comparison between the maximum 
utility values with the utility values provided by the 
intelligent search is performed. A difference of 19.08% 
is calculated for the variant L1, 15.13% for the variant 
L2a, 11,31% for the variant L2b, 20,29% for the variant 
L3, and 8.72% for the variant L4 in favour of the 
exhaustive search. The intelligent algorithm provided 
high quality solutions, with significantly reduced 
computation effort. Finally, the relative difference in the 
utility values of the intelligent algorithm and the average 
utility of the exhaustive search was indicatively -29.95% 
for the variant L4, in favour of the intelligent algorithm. 
 
Fig. 9. Utility Value for the Exhaustive and Intelligent Search for the 
Degrees of Customisation for the Decentralised network configuration 
7. Conclusions and outlook 
The presented methodology can support the decision 
makers during the configuration of the supply network. 
The deriving configurations take into consideration cost, 
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time and quality indicators, as well as Energy 
Consumption and CO2 Emissions. The results revealed a 
direct relation between the degree of customisation and 
the cost, time and environmental impact. Especially in 
the case of the L3 and L4 degrees of customisation, the 
impact was significantly higher than in the case of the 
basic, non-customised product (L1). The addition of the 
customisation options (ornament and wrap cast carbon) 
imposes a number of additional processes and 
transportation routes. This increases the required cost, 
lead time and environmental impact of the final product. 
Additionally, the required computation time and the 
degree of customisation are directly related. The 
computation time in cases where the number of 
alternative schemes is high, requires the use of the 
intelligent search algorithm. The intelligent algorithm 
can provide high quality solutions greatly reducing the 
computational burden. 
Future work will focus on extending the capabilities 
of the methodology, incorporating the selection of 
different types of materials and transportation means. In 
order to further support the design of the manufacturing 
network, additional flexibility criteria and environmental 
indicators will be calculated. The evaluation of the 
schemes will be performed against a demand profile, 
coming from a European Automotive Manufacturer, 
through an integrated simulation suite. Further to that, a 
web-based application will be embedded for the accurate 
calculation of the transportation distance. 
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